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KEEBTICS OF SOME PAST REACTIONS 

(1) Reaction of sodium hypochlorite and sodium 
- sulfite 

(2) Reaction ot carhondioxide and diethanolamine 

ABSTRACT 

The kinetics of some fast homogeneous liquid phase 
reactions have been studied by a flow thermal method. This 
method eliminates the effects of diffusion, and provides a 
technique for the study of fast homogeneous reactions. 

The kinetics of the reaction of sodium hypochlorite 
with sodi-um sulfite have been studied. The search of the 
literature indicates that Lister and Rosenblum [6 ] were the 
only one to study the kinetics of this important reaction. 
The present studies indicate that the reaction place 

between hypochlorite and sulfite ions and is second order. 
The second order rate constant at 50°C and activation 
energy are 6750 (lit)/(gmole) (sec) and 15.6 k.cal/gmole, 
respectively. 

A study of the carbondioxide-diethanolamine was also 
made, for which many diverse kinetics have been reported 
in the literature. Results indicate that the reaction is 
complex, A reaction scheme is proposed. The overall second 
order rate constant at 30°C and .activation energy are fcramd 
to be 1823 (gmole/liter)“^(sec)'‘^ and 12.41 k.cal/gmole, 
respectively. Results are compared with the work of several 
other investigators. 
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CHAPTER 1 


INTRODUCTION 


1,1 General 

Chlorine is widely used as a bleaching agent and for 
bacterial control in the pulp, paper, beverage, canning 
and other food processing industries. Sodium hypochlorite, 
called soda bleach liquor, is most widely used in pulp and 
textile industries for bleaching purposes. Chlorine is 
also added in power plant cooling water streams in order 
to keep condenser tubes free of slime. 

After its use, chlorinated water containing significant 
amount of hypochlorous acid is returned to the local stream 
or estu.ary where it is threat to aquatic life. This threat 
can be removed by injecting sulfurous acid or sodium sulfite 
solution in outgoing streams leading to oxidation-reduction 

reaction ... 

Cl“ + SO^"— -> Cl” + S0~ (1) 

In a well buffered stream this process does nothing 
more than increase the sulphate and chloride ion concen- 
tration, Thus, the study of the kinetics of this important 
reaction would be very much helpful to control the pollution 
due to hypochlorous acid. 
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1,2 Literature survey 

Experimental treatment of municipal water by excess 
chlorine (and dechlorination with sulphur dioxide) for 
taste and odor destruction was reported in 1912 and again in 
1925 by Sir Alexander Houston [1]. Presently, most of the 
water supply plants in the world are using chlorine for 
bacterial control. In a recent paper, Sadek et al. [2] 
discussed the use of chlorine-siiLphur dioxide reaction in the 
aqueous phase in connection with the control of sulphur 
dioxide emissions from the Hargreaves process. Chlorine was 
dissolved in the water producing hypochlorous acid and 
hydrochloric acid. 

CI 2 + H 2 O >HG10 + HCl (2) 

Sulphur dioxide was also dissolved in water producing bisulfite 
and sulfite ions in the solution. Ihese ions reacted with 
hypochlorous ions to produce sulphuric acid and hydrochloric 
acid, 

Berker and WbLi taker [3, 4] also discussed that the same 
reaction can be used for the control of unwanted chlorine 
emissions which occur in power plant cooling water streams. 

In order to keep condenser tubes free of slime, chlorine is 
periodically dissolved in the cooling water stream yielding 
hypocM-orous and hydrochloric acid, 

Thus, the greatest single outlet for chlorine in industrial 
water treatment is in the control of bacterial, algae, slime, 
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and macroscopic biological fouling organisms in fresh water 
and saline condenser cooling waters, Por control of slimes, 
tubercles, and the spet or larvae stages of larger organisms, 
free residual chlorine concentrations in the order of 0.5 to 
2 mwg/liter are often employed [5], 

The design of dechlorination units requires knowledge 
of the kinetics indicated by equation (l) , as does the 
control of sulfur dioxide emission. Although apparently 
unknown in the chemical engineering literature, the kinetics 
have been studied by Lister and Rosenblum [6], They used 
rapid flow technique and absorbance of solution was measured 
by means of a spectrophotometer. This was the first study 
of the kinetics of this reaction and a careful search of the 
literature reveals that it is currently the only such study. 
Lister and Rosenblum [6] reported that the overall reaction 
was second order, 

1,3 Present work 

In this investigation, measurements were made of the 
reaction rate of hypchlorite and sulfite by the flow thermal 
method of Hartridge and Roughton [7] , The principle involved 
the measurement of the temperature change due to reaction. 

The degree of conversion was calculated from this temperature 
change and iiie known heat of reaction. 



CHAPTER 2 


EXPERIMBHTAI. APPARATUS AND PROCEDURE 

2 .1 Materials 

The prime materials used herein were sodium hypochlorite 
and sodium sulphite* These chemicals were obtained from 
Jay Ravi k Chemicals (INDIA), and J.T* Baker Chemical Go., 

N, J, (U.S.A,), respectively. 

2.2 Apparatus; 

Rapid -mixing continuous flow method of Hartridge and 
Rough ton [7] was used for the present study. The general 
schematic diagram of the experimental set-up is given in 
Eigure 1, The basic features of the equipment are similar 
to that used by Srivastava et al, for study of sulfite ^j^d 
dithionite oxidations [8,9 » 10, 11]. The main elements of the 
overall set-up are the storage tanks, thermostatic bath, 
flow control valves, flow meters, mixer and an observation 
tube* The set-up was designed to fulfil following capabilities 
and characteristics. 

1, The tmperature of the thermostatic bath can be 
controlled to within + 0.1°C 

2, The flowrate can be controlled to vary less than 
1 per cent 

3, Mixing is extremely rapid 




d tog ram of exponmentai set'! -up' 
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4. Output response from the thermocouples is 
measured by means of a quick response and 
good stability micro voltmeter (Keithley Model 
149 Microvoltmeter) 

5. Plow in the reactor can be made steady by 
pressurizing the tanks 

6. Increased concentration of a water soluble 
gas can be obtained by operating the system 
at elevated pressure, if desired, 

2,3 Storage tanks 

Two storage tanks were fabricated from 316 stainless 
steel. Each tank with a capacity of 6 liters was used to 
store and supply the feed solution. Nitrogen was used to 
pressurize the tanks and to stirr the solutions, occasionally, 
by bubbling the gas through the tank. The tanks were provided 
with a pressure tight flange at the top with two holes fitted 
with 3/8 inch valves and fittings, one for charging the feed 
solution and gas, and other for venting. Safety valves were 
provided at the top of the storage tanks. Both the tanks 
were kept in a constant temperature water bath. 

The arrangement was made to connect two storage tanks 
either with only one gas cylinder or with two gas cylinders, 
containing two different gases. 

The bottom of the storage tanks were connected by 3/8 
inch Of d, stainless steel tubes which were provided with 
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control valves. This was again connected to the inlets 
of the mixing chamber via flow meters. These tubes were 
wrapped with two inches of fiberglass and asbestos insulation 
to minimize heat transfer to the surroundings. 

2.4 Constant temperature control 

Constant temperature water bath was fabricated from 
brass and was used to maintain a constant temperature for 
both storage tanks, A Jumo-German contact thermometer, 0-100°C, 
connected to a relay device was used to control the tempera- 
ture to an accuracy of + 0.1°C, A Remi-stirrer was used to 
stirr the water in the bath. 

2.5 Plow rate measurements 

The flow rates of the solutions were measured by means 
of Gilmond flow meters. The two flow meters provided a flow 
range of 0 to 16 ml per second and 0 to 35 iQl per second. 

Both the flow meters were calibrated prior to the actual 
runs. The accuracy of the flowmeters was + 1 per cent of 
full scale, 

2.6 Observation tube 

The observation tube was made of plexiglass tubing of 
1/4 inch o.d, by 1/8 inch i.d. It was connected to the mixing 
chamber by means of a plastic male connector. Along the 
length of the observation tube, a number of positions were 
provided to locate the tjiermocouples. The oiitlet of the 



13 


observation tube was connected to a 3/8 inch drain line 
through a needle valve to control the desorption of the 
dissolved gas, if any^ Whole tube was insulated with two 
inches of fiberglass and asbestos insulation to minimize 
heat transfer to the surroundings. 

2.7 Mixing chambers 

The mixer was made of a 4*’ xl’'xl’' block of plexiglass. 

The two fluid streams entered the mixing chamber in opposite 
direction through 3/8” to 1/8” reducers as two jets. 

Mixing was completed in an entremely short time due to tur- 
bulence created in the mixer* One outlet of the mixing chamber 
was connected to observation tube while the other was used 
to locate thermocouples at the mixing points. The mixer 
was insxilated with approximately two inches of fiberglass 
and asbestos insulation. 

2.8 Temperature measurements 

The differential measurements of the temperature were 
made by means of pairs of thermocouples opposed in series 
to give increased response to the small temperature ranges. 

The thermocouples were made of 24 gauge copper and constantan 
wires. Pour thermocouples were made and connected opposite in 
scries. Each lead from the pair of thermocouple junctions 
was inserted in a 1/4 inch plexiglass tube which was then 
sealed with epoxy resin cement. The thermocouples were 
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calibrated against a 25 ohm Leeds and Northrup platinum 
resistance thermometer and Muller bridge assembly* The 
calibration curve is given in Figure 7 , Appendix A. The 
reliability of the equipment was checked using the lfa 0 H--C 02 
system. The average of the second order rate constant agreed 
within 5 por cent with the value reported by.Pinsent et al.[ 12 ], 

2.9 Experimental procedure 

Sodium hypochlorite solution was made by diluting the 
known amount of hypochlorite solution with distilled water, 
and was charged to tank 1, Sodium sulphite solution of 
desired concentration was also made in distilled water, and 
was charged! to tank 2, Both the solutions were allowed five 
to six hours to attain temperature equilibrium. The solutions 
were occasionally stirred with nitrogen. Microvoltmeter was 
stabilized by turning it on half an^hour before taking readings. 

When both the feed tanks attained temperature equilibrium, 
the tanks were pressurized by nitrogen to 50 psig to obtain 
a steady flow in the reactor. Firstly, each solution was 
allowed to pass separately in order to set the microvoltmeter 
to zero reading with the help of zero suppress knobs* This 
accounted for any temperature change due to friction or heat 
transfer to the surroundings. Then, both the solutions were 
allowed to pass, at known flow rates, to measure the actual 
voltage rise due to reaction occurred, A steady value of 
differential e.m.f, from the thermocouples located at the 
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mixing points and a point along the observation tube was 
obtained within seconds on the micro voltmeter. 

Just prior to each rixn, both the solutions were analysed 
by standard titration methods [13]. The hypochlorite solutiohs 
were analysed in the following way, A standard solution of 
potassium iodide was made in distilled water. An excess amount 
of this solution was acidified with glacial acetic acid and 
then it was reacted with a known amount of sample taken out 
from tank 1, The reaction was allowed to occur for 10 minutes 
in a dark place, The liberated iodine was then titrated 
with a standard sodium thiosxilphate solution using starch 
solution as an indicator. Prom this titration the amount of 
hypochlorite in the solution was readily calculated. 

Sodium sulfite of the desired concentration, determined 
by titration to the neutral point with alkaline iodine-iodide 
solution [13], was charged to the other tank. 



CHAPTER 3 


RESTILTS AMD DISCUSSIOM 

The experimental data for the runs have been presented 
in Appendix B. 

The energy liberated by the reaction raised the tempera- 
ture of the solution and total temperature rise was measured 
for each residence time. The change in sulfite concentration, 
M, was measured by the energy balance Hg^xM = T x C^. 

The mean heat capacity, C , of the solution was taken as 

ir 

that of water since the concentrations of both the reacting 
solutions were very low, 

Eigure 2 shows the plots of temperature difference as a 
function of residence time in two typical runs (RH-1 and RH-7), 
Such plots showed straight lines with different slopes for 
short residence times and then some curvature as the reactants 
are consumed. Such type of lines existed in all the runs. 

The rate of reaction was calculated from the heat of reaction 
and initial slope of such lines. A sample calculation is 
given in Appendix B, 

The overall stoichiometiy for the oxidation-reduction 
reaction is as follows: 

MaClO + Ma^SO j -> MaCl + Ma2S0^ (3 ) 

The standard enthalpy of the reaction is 81,3 k.cal/gmole 
of sulphite reacted [14» 1-5]. 



j'l = 0.0075 M, tocll = 0 00063 
j;"] =0.0025 MJocf! -- 0.00063 



0.02 0 03 0 04 0 05 


Tima , sec ■ 

Tiperature profiles as a func 
action at 30 °C . 
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3.1 Effect of hypochlorite concentration 

A number of experiments were performed at various 
hypo chlorite concentrations to investigate its effect on 
the rate of reaction. The rate data have been presented in 
Tables 1 and 2, Appendix B. All the experiments were 
conducted at 30°C, The concentration of hypochlorite was 
varied in the range 0,0006 M - 0,005 M. The concentration 
of sulfite was kept constant at 0,0025M and 0,0075M, 

The rate of sulphite consumption is plotted as a 
function of average hypochlorite concentration. Figure 3 
shows that the rate against hypochlorite concentration 
results in the one power relation for both the sulfite con- 
centrations, Lister and Rosenblum [6] also found the one 
power relation with respect to hypochlorite for this reaction, 

3.2 Effect of sulfite concentration 

Tables 3 and 4, Appendix B give the rate data for the 
effect of sulfite concentration on the reaction rate. The 
reaction temperature for all the runs was maintained at 30 C, 
The concentration of sulfite was varied in the range 0,00125 M 
0.01 M. The concentration of hypochlorite was fixed at 
0,00125 M and 0.00625 M. 

The relation of rate versus sulfite concentration is 
shown in Figure 4. Figure 4 shows that the rate against 
sulfite concentration also results in the one power relation 
for both the hypochlorite concentrations used. The same 
relation was investigated by Lister and Rosenblum [6]. 
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3.5 Kinetics 

If the reaction between hypochlorite and. snlfite is 
irreversible and second order, the following relationship 
should hold: 



A nA 

A +(B -A y^o 
'•0 0 


= k'» 9 



where A^ and are initial concentrations of silLfite and 
hypochlorite, respectively, A is concentration of sulfite at 


any time 9 and k" is second order reaction rate constant. 


Thus in this case, a plot of the left hand side of equation (4) 
versus 9 shoiiLd give a straight line. 

An exhaustive number of runs were made at five residence 


times, taking wide range of A^ and B^, The values of A were 
calculated from the temperature rise and known heat of 
reaction. Table 7, Appendix B presents the values of 

- [ log. - — ] and k" for each residence 

time for various runs. 


Bigure 5 shows a plot of the left hand side of equation 
(4) versus 9. As seen in Figure 5, the experimental data are 
well correlated by a straight line indicating that the reaction 
between hypochlorite and sulf i'ts is an irreversible second 


order reaction. 

Error bars^, based on the small errors in the concentration 
and temperature measurements are included. The value of the 
®Error bars are equal to twice the standaird deviation. 
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second order rate constant k" was calculated from the slope 
of this straight line. The value of k« at 30^0 was found to 
he 6750 (lit)/(gmole) (sec), 

3.4 Effect of temperature on reaction rate 

To observe the effect of temperature on the rate of 
the reaction, experiments were conducted at 21, 30, 35, and 
40^0, The hypochlorite and sulfite concentrations were fixed 
at 0,00125 M and 0,00375 M, respectively. The rate data are 
given in Tables 5 and 6, Appendix B. The rate constant k" 
for each temperature was calculated at different residence 
times. Table 8, Appendix B, presents values of k" , 

Eigure 6 shows a plot of the logarithm of k” versus 
inverse of absolute temperature. Data of Lister and Rosenblum 
[6] are also plotted in Figure 6, It is evident from this 
figure that the value of k*' agrees with those reported by 
Lister and Rosenblum at 40*^0, The apparent activation energy 
for the overall reaction was calculated to be 15,6 kcal/gmole. 
This value is typical of the values for homogeneous reactions 
[16] , however, it is approximately twice the value reported by 
Lister and Rosenblun [6], 

Data on the heats of fomation of the compounds (in 
aqueous solution) in the reaction 

NaOOl + HgO — — > HOCl + EaOH 

make the heat of hydrolysis of the hypochlorite ion to be 



ft/g moie-sec 
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11,0 kcal/gmole. The energy of activation for the reaction 
of sulfite ions and hypochlorous acid would then only he 
4.6 kcal/gmole if the reaction proceeded with HOGl rather 
than 001 . This will he unlikely since the reactions of 
this type have the activation energy greater than 10 kcal/^ole. 




CHAPTER 4 


COHCLUSIOHS 

The kinetics of the reaction of sodium hypochlorite 
and sodiim sulfite have been studied by the rapid-mixing 
method of Hartridge and Houghton, The experimental results 
showed that the reaction rate was first order with respect 
to both the hypochlorite and the sulfite concentrations. 

Both the differential and integral analysis of the data 
were made. The e^jperimental data were correlated with the 
second order rate expression and the value of second order 
rate constant at 50°C was calc\ilated to be 6750 liter/gmole 
secy. The apparent activation energy for the overall oxidation- 
reduction was calculated to be 15.6 kcal/gmole. 
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APPENDIX A 


CALIBRATION OP THERMOCOUPLES 

The thermocouples were made and calibrated against a 
25 ohm Leeds and Northrup platin-um resistance theimometer 
and Muller bridge assembly. The details of the apparatus 
and procedure are given elsewhere [17], 

Eigure 7 is the plot of the microvoltmeter output (mV) 
versus temperature difference (°C) at datum temperature of 
30°C, Using L.M.S, curve fit the following relation was 
obtained, 

(Output) „ = 0,6366 X (Temperature difference, °C) 

ID, # V 
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Sample calculation 
Run JTo. KB~1 

Reaction temperature = 30*^0 
[OCl"*] = 0.00063 M 

[SO^"] - 0.0025 M 

This run is plotted inligiire 2. 



Reaction Rate 


81.31 


7.55 X 10“2 M/sec. 
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CHAPTER 1 


INTRODTJCTIOH 

1#1 General 

Solutions of etlianolainines are used as powerful and 
rapid absorbing agents for removal of carbondioxide from 
mixtures of gases in many industrial processes, Tbe 
freq,uent use of these solutions is because of their low 
volatility, thermal stability, hi^ reactivity and the ease 
in regeneration of absorbing solutions. Some typical examples 
of its application are -- removal of CO2 from a mixture of 
Hgi 112 synthetic ammonia industry; upgrading of 

town gas, and natural gas; manufacture of methanol and 
synthetic gasolines; manufacture of solid 002f salicylic acid, 
carbonates and bicarbonates of sodim and potassium; and 
storage of fruit in controlled refrigerated atmospheres. 

In most practical situations, the rate of absorption 
is influenced by the kinetics of the reaction between carbon 
dioxide and ethanolamine solution. Therefore, a knowledge 
of the kinetics of the reaction between carbondioxide and 
amine solution is important in the rational design of 
absorption equipment* 

Althou^, the kinetics of these systems (CO2 removal 
by monoethanolamine , diethanolamine, and triethanolamine) 
have been investigated by many workers, considerable 
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discrepancies exist for the reaction between carbondioxide 
and diethanolamine solutions. It is essentially in regard 
to clarify the kinetics of diethanolamine— carbondioxide 
reaction, the present work was carried out. The res\ilting 
informabion, however, remains inconclusive due to complex 
nature of the reaction, 

1*2 Literature survey 

The earliest study of the reaction between CO 2 and 
diethanolamine (DBA) was conducted by Jensen, Jorgensen, and 
Bourholt [1] , Atmospheric air containing about 10 per cent 
GO 2 was led into solutions containing both amine and sodium 
hydroxide. The concentration of sodium hydroxide was varied 
from half to double the amine concentration. The authors 

observed that carbamate was the only reaction product and it 

■ # 

decomposed to carbonate after several minutes. The second 
order rate constant reported at 18°C was 5400 (lit) /(gmole) 

( sec) , 

Jorgensen [2] studied the GO 2 -DEA syst.an using the 
same experimental tedinique as Jensen et al, [1] and also 
obtained a value for carbamate formation of 5400 (lit) /(mole) 
(sec) at 18°G, However, he allowed the possibility of a 
competing reaction indicating that the reaction product 
formed was a mixture of carbamate and alkyle carbonate. In 
strongly alkaline solutions, the amo\int of alkyle carbonate 
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formed, was exoessive. Sodium hydroxide conceiitra'bion was 
varied from one-third to three times the JDEA concentration, 

Nunge and Gill [3;j studied the absorption of CO 2 into 
pure DEA in a gas-liquid stirred reactor at 85, 95, and 105°P, 
The absorption was followed by pressure— time measurements. 

An equation describing the gas— liquid absorption system 
was derived and then simplified by considering only kinetic 
region. The experimental data were correlated with this simpli- 
fied equation and they indicated that the reaction follows 
a 3rd order equation: 1st order in CO 2 and 2nd order in DEA, 
Sharma [4] studied the reaction between CO 2 and DEA and 
suggested that the Reaction takes place according to the 
following mechanism: 

OOg + (H 0 C 2 H ^)2 (H 0 C 2 H ^)2 IfCOO"* + (a) 

+ (H0C2H^)]ffi--— > (HOCgH^)^ ml (b) 

I 11 " 1 m il . .1 n , , ,> ■ ■■■■' iii .. 1. 111 1 1 i, 1, . 

C02+2(HOC2H^)2NH ^ (H0G2H^)2®j| + (HOC2H4)2ifCOO*'(c) 


in which the first step reaction (a) is second order ^i.e. 
first order with respect to both COg and DEA, and is rate 

a 

controlling [5], The reaction proceeded to give amine salt 
of carbamic acid as the product of the reaction* The second 
order rate constant was found to be 1000, 1500 and 2500 
(^^|5)"“l(seo)*^iat 18 , 25 # and 35^0, respectively, Sharma 

also reported that the contributions pf the reactions with 

IJ.T. KA^!FUR 
CENTRM. I 03'RkWi 
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water and hydroxyl ions to the overall rate of reaction 
wei'e negligible under conditions used in practice for 
absorption of CO 2 in a<iueous DEA solutions. 

Leder [6] studied absorption of CO 2 in potassium carbonate- 
bicarbonate buffer solutions at high temperatures. The rates 
of absorption were catalysed by adding small amounts of water 
soluble amines. The second order rate constant for CO 2 -DEA 
system was found to be 5556 (^^)”^(sec)‘'^ at 19°C. The 
activation energy was calculated to be 10.5 kcal/gmole. 

Hikita. et al, [7] used rapid mixing method to study the 
kinetics of reaction of CO 2 with DEA solution. The overall 
reaction was observed to be third order, i.e, first order idlth 
respect to COg and second order with respect to DEA, The 
experiments were conducted for short contact times (maximum 
of about 20 milliseconds), A constant heat of reaction was 
assumed without knowing its value either experimentally or 
from literature. The activation energy was focmnd to be 
12,7 koal/gmole, 

Sada et al, [8] carried out experiments over a wide 
range of contact times for the absorption of CO 2 into aqueous 
amine solutions, It\ was suggested from the experimental 
results with a laminarliquid-jet, a wetted wall column, and a 
quiescent liquid absorber that the present absorption processes 
should be analysed by a gas absorption with the consecutive 
reaction of the form of A + 2B E and A+R Products. 
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The value of the second order rate constant for the first 
reaction step (kj.) was estimated as 1340 (gtaol e/lit) sec) 

25 C. The kjj was estimated as 6. 70x10“^ (gmol e/lit )“^(sec) 
Recently, Goldrey and Harris [9] studied the kinetics 
of the liquid phase reaction between 00^ and diethanolamine 
by flow themal method. The data indicated that the kinetics 
of the reaction is complex. The particular mechanism proposed 
consisted of two reactions which initially compete for the 
available carbondioxide. One of the these reactions was 
reversible, and regenerated carbondioxide as the overall 
reaction piooeeded. following is the reaction scheme proposed 
by these authors; 

OO2 + 2(H0C2H^)2 m - (HOC2H4) 2^000“ 

+(H0C2H^)HI^ (d) 

002+2(H002H^) HH • — y ' Products (e) 

Th© spool 8s poj^'fcicipa'fciiig in *fciie proposed reYersible 
roaction (a) were not identifiable from the data obtained. 
Apparent heat of reaction was also measured experimentally 
and it was found that it varied with the DEA concentration 
in the solution. The value of k. was obtained as 800 
(see) at 18^0 and 11,66 koal/gmole apparant heat of reaction. 

The literature survey revealed that most kinetic studies 
of the reaction of COg with PEA were made by absorbing 
gaooouB carbondioxide directly into the amine. Despite the 
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considerable absorption data that e.lst for diethanolamine, 

most investigations of the hinetios result in oonfliotlng 

conclusions, hven the two recent studies [7,9] by means 

of rapid flow teohuiiue resulted in entirely different 
conclusions. 


The ain of the present work was therefore to study the 
rate of reaction between carbondioxide and diethanolamine 
directly, using the rapid mixing technique developed by 
Hartridge and Houghton [10], 


Preser^t work 

The objective of this work has therefore been to study 
the kinetics of the homogeneous liquid phase reaction between 
carbondioxide and diethanolamine by means of flow thermal 
method, in this approach the experiment could be designed in 
such a way that the diffusion influence is negligible, and 
thus a true reaction kinetics can be established. 




CHAPTER 2 


experimehtal apparatus aid procedure 

2.1 Materials 

The prime materials used herein, were technical grade 
diethanolamine and carbondioxide. Diethanolamine was obtained 
from Amines and Chemicals Ltd., Bombay. 

2.2 Apparatus 

Rapid mixing continuous flow method of Hartridge and 
Houghton Was used for the present study. The apparatus was 
similar to that used in Section 1, 

2,5 Experimental procedure 

Before each run, distilled water was charged to tank 2 
and the cfarbondioxide was bubbled through the tank at a 
pressure for desired concentration for five to six hours to 
produce a carbondioxide solution. Diethanolamine solution 
was made by diluting the known amount of amine with distilled 
water, and was charged to tank 1, Both the solutions were 
allowed five to six hoitrs to attain equilibrium. Amine 
solution was occasionally stirred with nitrogen. 

Just prior to e ach run, both the solutions were analysed 
by standard titration methods. The carbondioxide concentration 
in the solution was determined by precipitating carbondioxide 
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as BaOOj using standard BaiOHjg solution. Ihe excess BaCOH)^ 
was then titrated with standard HOI to a neutral point. The 
determination of amine in solution was made by titrating the 

lltuia sample with standard HOI using methyl orange as an 

indicator. 

The experimental procedure for measuring the voltage 
rise ¥as similar to that described in Section 1 (Chapter 2). 



... chapter 3 

RESUITS AHD DXSCUSSIOR 

The experimental data have been presented in Appendix A, 
The energy liberated by reactions raised the temperature of 
the solution and the total temperature rise was measured. 

The change in carbondioxide concentration, M, was determined 
by the energy balance H^^xM ^ T x C^. The mean heat 
capacity, Cp, of the solution was that of water since DEA 
concentration was low, Apparant heat of reaction, 
varied with the DEA concentration of the solution [9] • 

Figure 1 shows apparent heat of reaction as a function of 
DEA concentration. 

Effect of reactants concentration 
Figures 2 and 3 show the temperature profiles measured 
in the reactor as functions of DEA and CiOg eoncentrations, 
respectively. It is obvious from these figures that first 
the temperature rises in the reactor with increase in residence 
time reaching to a maxima and then it drops to a minima, A 
further increase in residence time again increases the 
temperature rise. This type of behaviour was observed in 
all the runs. It is also evident from these figures that the 
reactant concentration has a considerable effect on the shape 
of the temperature profile. There is a prominent minimum 
in the profile af lower DEA or CX )2 concentration and this 
















0.310 M, [COj] : 0 023 M 
0.208 M, [GO 2 ] = 0.026 M 
0.157 M, [cOj] t 0,023 :M 
0 105.M, [GOj] = 0.023 M 


Fi^esidence time, sec 


Fig 7 Effect of DEA concentration: 
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becomes less significant as the concentrations are increased. 

A similar phenomena was observed by Coldrey and Harris [9] 
for CO 2 -DBA system. The detailed experimental data are 
presented in Tables 2 through 5, Appendix A, 

Bf fe_ct_ of reactant temperature on puA'f n r 
B fiect of reactant temperature on temperature rise 
profile is shown in Figure 4 . The temperature was varied 
in the range of 25 to 40°C, DBA concentration was kept 
constant at 0,208M, It is evident from this figure that the 
minimum is more significant at lower temperatures and becomes 
less prominent as the temperature- is increased. The detailed 
data aro presented in Tables 6 and 7, Appendix A. 

3*3 Qualitative explanation of experimental data 

The complex nature of the experimental data (Figures 2,3 
and 4 ) obtained for the CO 2 /DEA system indicates that there 
are several reaction processes occurring in the system 
simultaneously. Since the reaction of an amine with carbon- 
dioxide is evidently a simple second order process, as reported 
by several investigators [ 1 * 2 , 4, 5, 6, 8], it appears that the 
alcohol groups of DBA are also involved, in some way, in 
the reaction of DBA with C02» Intramolecular bonds of the 
type -OH^ — -N- have been observed by Bergman et al. [11] and 
DoRoos and Bakkar [12] iu alkanolamines dissolved in organic 
solvents and interaction between hydroxyle and amine groups 
may bo a factor affecting the reaction complexity. 






:S««;'.-..: 


r:T':f-:K^i<^ 




■3:^n 




constant = 0.208 M 
0.0202 M , temp. = 40 
0,0290 M, temp.r 3S 
0 0262 M, temp = 30 
0.0245 M , temp, r 25 
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In order to explain experimentally determined temperature 
proiiloo it was assumed that the carbamate ion was one of ^ 
the species formed and that it did not decompose in times 
shorter than the residence times of the reactants in the 
reactor# Ihe formation of carbamate ion has been established 
by most investigators. The latter assumption was supported by 
Jorgunoon [2] and Cold rey and Harris [9] by a simple chemical 
tost, A temporature/time profile for the reaction of COg with 
DEA, if the carbamate formation were the only reaction, would 
be similar to curve A on Eigure 5. To explain the experimentally 
determined profile, curve C, it is necessary to assume that 
other reactions occur that produce temperature/time profile 
of the form represented by curve B, By adding the effects of 
the curves of the form of A and B, it is possible to produce 
qualitatively the shapes of the experimentally determined 
profiles. Certain infoimation about the other reactions that 
occur, apart from carbamate formation, can be obtained from 
the nature of curve B, It can be concluded that the reaction 
producing the profile represented by curve B consist of a 
rapid exothermic reaction initially and this is followed by a 
rapid endothermic reaction that absorbs the heat liberated 

by the exothermic process. 

Considering the nature of experimentally obtained 
tomporaturo profiles and the above explanation, the following 
roaotion scheme can be assumed* 
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where 


A + 2B 
A + 2F 


h. 

> C + £• 

V ' Products 


(d) 

(e) 


A =! carbondioxide 
B « M (from DEA) ' ' 

E « OH (from, DBA) 

C « Carbamate [ (H0C2H^)2®[C00*’il ' 
lt*« Positively charged ion formed in carbamate 
reaction (Eg^^) 


Although tho jjroducts of equation (e) have not been detected 
precisely, it is assumed that the alkyle carbonate formation 
and. decomposition, or a process similar to that, is occurring 
in reaction (o), Shis assumption- is 'reasonable as in a 
previous study Jorgensen {2] also reported the foimation of 
alkyle carbonate* 

3.4 

From tho nature of the experimentally measured profiles, 
it is very difficult to determine the complete kinetics of 
tho system without knowing the products of ' reaction (e), 
Phorofore, a study o:^ tte initial part of the temperature 
profile (i.©,. before th# maxima oocures) was conducted in 
tho present work# ■ ’ , ' ' , ' ' ' ■ : 
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11 tho overall reaction between DBA and GO 2 is irreversible 

and second order, as has been usually accepted in literature, 

for the initial part of the temperature profile, the following 
relationship should' hold: 


i log 


+ B -2A^) 


0 o 


A 3 


rr-] = Q 


( 1 ) 


0 


whore and are initial concentrations of OOg and DBA 

rospootively, A is the OOj concentration at any tine « and 

is the second order reaction rate constant. Thus in this 

ease, the value of h- must he constant for different values 

of A , B and © at a' constant temperature and pH. 

The second order rate constants, h" , were calculated at 

30°0 and a pH of 10.67 for different values of A^, and 0, 

and it was fo-ond that the value was fairly constant giving 

vii ao (^ 2 i®)'"^(sec)“^ with a standard 

an average k” as ±odD ^ 

. • 1 - „ -f'fi ner cent. The detailed results are presented 

deviation of o per cenu. xn ^ 

in Tables 8 , and 9, Appendix A. 

5,5 Apnarant activ ation energy.: 

Figure 6 shows an Arrhenius plot of the values of the 
second oi^er rate constant, k" , calculated from the experi- 
mental data. Experiments were conducted at 25, 30, 35, ard 
40° 0. The apparant activation energy was found 

kcal/gmole. The values obtained by several workers 

In ■ Table 1* . 
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table l ! tOTWATTON EMERalES FOK _gO p ::S^ 

“«'*‘*******^*“**^^ ***^'* "^ ' — ,.^,•r■’l-r^ A mT*mT;> ' 


Literature 

Sharma, et al. 
Leder 

Hikita ot al. 
Present work 


SYSTEM PTHBLISHS P IN LITERATUEP. 

B (kcal/gmole) 

9.98 

10.50 

12.70 

12.41 





Iho values of k" reported By Shama [4], Sada et al. [8], 
and Coldrey aud "Harris (for carbamate formation taking 
H = -11.66 koal/mole of DM) [9] are also plotted xn the 
aame figure for comparison. It lo evident from El^e 6 that 

these values are close to those obtained in the present 

. 1+0 «+e Dresented in Table 10, Appendix A. 

Tho detailed results are presea i. 

• ^-P T*P Qiil "t wi.’fclX Q“th.63? ^ 

3*6 Compari -^^'^ resuxjLs — — ■ ■ , / roT 

Tnrseasen and Eourbolt [1], and Jorgensen [2] 
Jenson, Jorgensen, dxi o -l \-l a. 

obtained a much higher value of k" as 5400 ( nt.' 

fs . -M-pre conducted in strongly alkaline 

X8°C. Bxperments were conanc - 

' Ti P 0 + 011 + In an earlier paper [Ij, 

solutions with a pH of about 15. 

»t al reported that there is only carbamate 
Jorgensen et al. repox v-cii roi 

4-+0 otrp+pm In oaother paper [2J 

formation reaction in the y • + motion 

+ ^ ++P+ in highly alkaline solutions format lo 
Jorgensen reported that in hign y 

01 alkyle carbonate uas also occurred. But in both the works 

the amount of NaOH added was nearly same, so the 

hetween the works of Jorgensen [2] and Jorgensen et al.[ ] 
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is surprlslns-. However, many of the observations of Jorgensen 
[2] aro oonsistent with those of the present work. Points of 

agrcoment aro; 

1. There are two reactions which compete for the 
available COjl one of these being carbamate 

formation, 

2. The products formed by these reactions are 
unstable, with the carbamate being considerably 

more stable than the other, 

3. The carbamate formation reaction is favoured by 
an increase in temperature. (It is evident from 
Figure 4' as the minima becomes less prominent at 

hi^er temperatures).# 

The much hi^er value of k-' obtained in these works [1,2] 

.au be explained due to the fact that the effective contact 
time between OOg and DBA was very low, so the rate constant 
predicted would be based on the initial part of the reactron 

in which OOg reacts more rapidly with NaOH, 

Sharma ^4] reported the formation of carbamate as the 
reaction product. The walues of second order rate constant 

and activation energy reported by Sharma are in good agree- 

• +.v,o -n-rpcrent work. However, he 

merit with those obtained in the pres 

4 - 1 - ppiTr-ripnce of the secondary reaction as 
did not observe the occurrence 

concluded from the present work. 
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Hikita et [7] reported that the reaction was third 
order i,e. first order with respect to CO 2 and second order 
with ro sp ect to DBA. They performed their exp eriment s for 
shorter residence times (maximum of about 20 milliseconds) 
and most experiments were conducted at higher DEA concen- 
trations (more than 0,2 moles/liter). It is evident from 
the data obtained in the present w ork that the minima becomes 
loss prominent as DEA concentration increases • Therefore, 
it appears that Hikital et al. might not be able to observe 
the nature of the temperature profiles (as obtained in the 
present work) at shorter residence times and higher DEA 
concentrations. Secondly, the authors assumed a constant 
heat of reaction without knowing its value either experimentally 
or from literature. In contrast to this, a variation of the 
apparent heat of reaction with DEA concentration have -been 
reported in the literature [9]. Due to "f^kese reasons, the 
authors would have reached to a wrong conclusion giving a 

third order rate constant. 

Sada et al. [8] suggested occurrence of a secondary 
reaction with the formation of carbamate reaction step. The 
second order rate constant for carbamate reaction step is 
in good agreement with those obtained in the present work. 



CHAPTEE 4 


COITCLUSIONS 

ThG study of the reaction kinetics of CO 2 -EEA system 
was carried out by moans of the rapid flow techniq.ue of 
Plartridgo and Roughton. In this technique the diffusional 
resistances were eliminated by dissolving the COg dis i 

water. 

The temperature profiles indicate that the reaction 

between COj and DEA is oooplex. A reaction scheme was proposed 
consisting of two reactions, first reaction producing carbamate 
and a secondary reaction producing alkyle carbonate. The 
secondary reaction is reversible and as the overall reaction 
proceeds, the rate of its reverse process exceeds the forward 
rate so that some of the original reactants are regenerated. 

For the initial part, of the reaction, the overall second 
order rate constant and apparant activation energy were ^ 
calculated and the results were compared. 
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